Adolescence is a sensitive and vulnerable developmental period marked by steep increases in risk-taking behavior, emotional lability, and poor behavioral regulation ([@bib0471]). Such changes relate to increased rates of depression and anxiety (i.e., internalizing problems) and conduct disorder and rule breaking behaviors (i.e., externalizing problems) that incur significant public health concern, driven by their high prevalence, chronicity, and adverse effects on functioning. For example, the onset of many psychiatric disorders emerges during adolescence, with depression rising 500% from childhood to adolescence and an additional 400% by the young adult years (see [@bib0535]). Morbidity and mortality rates increase 300% from childhood to adolescence ([@bib0080]) with over 70% of adolescent deaths each year due to preventable causes including motor vehicle crashes, unintentional injuries, homicide, and suicide ([@bib0085]). Recent evidence from animal models and developmental neuroscience studies in human youth has shown that disruptions in reward processing may underlie increases in internalizing and externalizing symptoms during adolescence ([@bib0465]).

1. Adolescent peaks in reward sensitivity {#sec0005}
=========================================

Across many species, including rodents, nonhuman primates, and humans, adolescents show peaks in reward-related behaviors, providing strong evidence for the conservation of reward processing across evolution ([@bib0465]). Adolescent rats are more sensitive than their adult counterparts to the rewarding properties of a variety of positively rewarding stimuli, including novelty-seeking ([@bib0125]), the rewarding effects of social interactions ([@bib0130]), consummatory behavior ([@bib0145], [@bib0465]), and palatable testants ([@bib0540], [@bib0575], [@bib0145]). In human primates, inverted U-shaped developmental patterns have been observed in reward seeking behaviors. For example, human adolescents show peaks in self-reported reward-seeking and sensation seeking ([@bib0475], [@bib0400]), greater sensitivity to positive feedback during a behavioral gambling task ([@bib0075]), and heightened preferences and reactivity to sweet substances ([@bib0160], [@bib0380]). These behavioral shifts in reward seeking behaviors and preferences are driven, in part, by underlying neural changes in frontostriatal circuitry.

2. Dopaminergic changes in the adolescent brain {#sec0010}
===============================================

Frontostriatal circuits subserving reward processes are modulated by the neurotransmitter dopamine (DA) The primary reward circuit includes dopaminergic projections from the ventral tegmental area (VTA) to the nucleus accumbens, which release dopamine in response to reward-related stimuli ([@bib0410]). The ventral striatum, and the nucleus accumbens in particular, has been recognized as a core node for incentive, reward driven behaviors (see [@bib0325], [@bib0155]). DA signaling supports reinforcement learning, and DA modulation of striatal and prefrontal function influences affective and motivated behaviors that are altered in adolescence ([@bib0325]). Major components of the reward system that undergo particularly dramatic change during adolescence include projections from DA neurons deep in the base of the brain (e.g., VTA; substantia nigra) to subcortical regions including the striatum, as well as the prefrontal cortex (PFC) and other cortical regions including the amygdala and hippocampus. There are also GABAergic projections from the nucleus accumbens to the VTA. These include projections through the direct pathway, which is mediated by D1-type medium spiny neurons, which directly innervate the VTA, and projections through the indirect pathway, which is mediated by D2-type medium spiny neurons, which innervate the VTA through GABAergic neurons in the ventral pallidum ([@bib0410]). All of these reward-regions are interconnected in complex ways (see [Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Dopaminergic pathways in the brain.

The DA system undergoes significant reorganization over adolescence, which is implicated in the pathophysiology of various disorders that appear during adolescence (see [@bib0310], [@bib0455], [@bib0560]). Across rodents, non-human primates, and humans, increases in dopamine signaling peak during adolescence (see [@bib0565]). Adolescent-specific peaks have been observed in the density of dopamine receptors D1 and D2 in the ventral striatum in rodents ([@bib0015], [@bib0485], [@bib0490], [@bib0020], [@bib0360]), although a few studies have not found functional differences in the nucleus accumbens of adolescent rodents compared to adults ([@bib0290], [@bib0480]). Moreover, DA concentrations and the density of DA fibers projecting to the PFC increase into adolescence ([@bib0030]), as well as the number of PFC projections to the nucleus accumbens ([@bib0040]). In non-human primates, region-wide DA innervation peaks in adolescence (see [@bib0565]).

Studies with humans have reported similar peaks in DA expression during adolescence. For example, in human post-mortem samples, DA levels in the striatum increase until adolescence and then decrease or remain stable ([@bib0230]), both in terms of length of axons as well as total number of projecting axons ([@bib0265], [@bib0405]). There is also a peak in glutamatergic connectivity from the PFC to the nucleus accumebens, specifically in D1-expressing neurons ([@bib0040]). Finally, fMRI studies, which allow for assessment of changes in neural systems innervated by DA, have shown that the ventral striatum is significantly more active among adolescents than children or adults when receiving secondary rewards (e.g., money; [@bib0140], [@bib0165], [@bib0545]), primary rewards (e.g., sweet liquid; [@bib0160]), or social rewards ([@bib0095], [@bib0205]) as well as in the presence of appetitive social cues ([@bib0445]). Such peaks in ventral striatum activation are associated with compromised cognitive control ([@bib0445]) and increased self-reported risk taking ([@bib0170]). Some studies have also found that adolescents show blunted ventral striatum activation relative to children or adults when anticipating rewards ([@bib0045], [@bib0050]), and such blunted striatal activation is associated with greater risk taking behaviors ([@bib0425]). Hypoactivation of the ventral striatum is argued to suggest that adolescents may attain less positive feelings from rewarding stimuli, which drives them to seek out greater reward-inducing experiences that increase activity in dopamine-related circuitry ([@bib0455]).

It is hypothesized that the DA system is at a functional ceiling during adolescence ([@bib0090]), as evidenced by peaks in DA cell firing, overall higher tonic DA levels, greater DA innervation, and increased DA receptor densities (see [@bib0325]). Therefore, the mesolimbic DA system is thought to be in a state of overdrive during adolescence, which has important functional significance for behavioral outcomes. It has also been proposed that tonic DA levels in the PFC rise beyond optimal levels in adolescence, resulting in a DA "overdose" which then biases input from limbic regions such as the nucleus accumbens (e.g., [@bib0560]). This shift in DA functional balance could have marked consequences on the competition between PFC and limbic regions for control of information, such that greater functional levels of DA activity in the nucleus accumbens shifts information flow toward greater limbic and less PFC influence on the nucleus accumbens ([@bib0465]).

3. Deficit perspective on dopaminergic reactivity in adolescence {#sec0015}
================================================================

Adolescent-specific peaks in DA activity are widely thought to account for the heightened orientations toward rewards in the environment including preferences for novelty, increased interest in risky situations, and the onset of many psychiatric disorders ([@bib0565]). The prevailing view in the field of adolescent brain development is that heightened activity in the mesolimbic DA system serves as a liability, orienting adolescents toward risky behaviors, increasing their sensitivity to social evaluation and loss, and resulting in compromised well-being (e.g., [@bib0065], [@bib0090]). Therefore, while adolescent peaks in striatal reactivity may have evolved for adaptive purposes (e.g., facilitating reproductive success, emigration, and decreased inbreeding), striatal reactivity in modern societies may be more of a burden and even life threatening ([@bib0460]). Indeed, across dozens of neuroimaging studies of human adolescents, alterations in ventral striatum activation have been linked to negative outcomes including drug and alcohol use ([@bib0240]), depression ([@bib0505], [@bib0435]), anxiety ([@bib0025], [@bib0210]), susceptibility to peer influence ([@bib0095]), and conduct and rule-breaking behaviors ([@bib0170], [@bib0390]). Thus, rewards can profoundly influence important behaviors that constitute modifiable risk factors for chronic disease and mortality.

4. A potential adaptive role of dopaminergic reactivity in adolescence {#sec0020}
======================================================================

The view that peaks in DA activity during adolescence underlie increases in risk taking and adolescent psychopathology suggests that adolescents are predisposed toward mental health problems due to hard-wired developmental constraints via altered neural processing. Such a deficit perspective driven by biologically determined brain immaturities implies a ubiquitous, inevitability to adolescent risk taking and psychopathology that constrains our ability to intervene. Moreover, this view emphasizes adolescent problem behaviors over more positive developments and behaviors. While this view is not wrong (i.e., heightened striatal activation *does* relate to negative outcomes), this perspective is overly simplified ([@bib0350]) and does not take into consideration how heightened dopaminergic reactivity may be adaptive during this developmental period. Several findings inconsistent with this deficit view challenge the perspective that adolescent reward sensitivity largely serves as a liability and highlights the potential adaptive function that heightened striatal reactivity can serve.

One view that has been proposed is that heightened dopaminergic sensitivity increases risk-taking behaviors that may be adaptive for promoting survival and skill acquisition ([@bib0455]). The tendency to approach, explore and take risks during adolescence may serve an adaptive purpose that affords a unique opportunity for adolescents to attain new experiences at a time when youth are primed to learn from their environments and leave the safety of their caregivers ([@bib0455]). Thus, ventral striatum responses can facilitate goal attainment and long-term survival, allowing the adolescent to move toward relative autonomy ([@bib0560]). In short, this conceptualization suggests that risk taking itself is a normative and adaptive behavior. Heightened ventral striatum reactivity may therefore be an adaptive response as long as the system is not in overdrive and adolescents only engage in moderate levels of risk taking; high levels of risk taking may be detrimental and even life threatening ([@bib0460]). Moreover, the consequences of risk taking are likely to be context dependent. In our modern society, the environments where adolescents engage in risk taking (e.g., driving cars) may result in maladaptive instead of adaptive outcomes ([@bib0460]).

Moving beyond the theory that risk taking itself is an adaptive behavior, I propose a new conceptualization and adaptive role of reward sensitivity such that striatal reactivity can actually lead adolescents *away* from risks and psychopathologies. That is, striatal reactivity can direct adolescents away from the very same behavior thought to arise as a result of peaks in DA neural signaling. Rather than promoting risk taking and psychopathology, recent evidence reveals that heightened striatal reactivity may actually motivate adolescents to engage in more thoughtful, positive behaviors, facilitating improved cognition, and ultimately protect them from developing depression and engaging in health-compromising risk-taking behavior. Indeed, heightened ventral striatum responses, coupled with effective neural regulation, represent "the translation of positive motivation to adaptive action" ([@bib0560], pp. 3).

Heightened DA signaling may therefore be a neurobiological marker for approach-related behaviors, regardless of the perceived outcome (i.e., adaptive or maladaptive). On the one hand, DA signaling may be channeled toward motivated behaviors that are highly adaptive, such as an orientation toward motivationally positive behaviors (e.g., striving for academic success, engaging in prosocial behaviors, working toward a goal). On the other hand, DA signaling may be directed toward motivated behaviors that can be highly maladaptive depending on situational and contextual variables (e.g., dangerous driving behaviors, risky sexual behaviors). Ventral striatum sensitivity may therefore represent either a vulnerability or an opportunity depending on the social and motivational context (see [Table 1](#tbl0005){ref-type="table"}). Thus, developmental trajectories in ventral striatum sensitivity may vary across stimuli and contexts.Table 1Ventral striatum reactivity can be both a source of vulnerability and opportunity.VulnerabilityOpportunity*Orientation toward negative rewardsOrientation toward positive rewards* •Drug experimentation •Academic motivation •Risky sexual behaviors •Passions and hobbies  *Sensitivity to social threatSensitivity to social connection* •Heightened depression •Healthy peer relations •Negative peer influence •Prosocial behaviors

Because peaks in dopaminergic sensitivity appear to be universal in adolescence, as seen across species, contexts, and cultures, my goal is to highlight ways that such dopaminergic sensitivity can be redirected toward positive, health promoting behaviors. Several compelling reviews have recently suggested that adolescent neurodevelopment is complex ([@bib0100]), and the ventral striatum is sometimes associated with adaptive outcomes ([@bib0350]). In this review, I move a step further in this conceptualization and suggest that DA hyperactivation can promote adolescent health. Below, I review several recent studies that challenge traditional views that reward sensitivity functions in primarily maladaptive ways during adolescence. Across diverse samples and contexts, ventral striatum activation serves an adaptive function for adolescents' health and well being, relating to declines in both risk taking and depression and increases in cognitive persistence and achievement.

5. The ventral striatum and reward: reverse inference {#sec0025}
=====================================================

Before reviewing the current literature, I want to note a few issues with interpreting neuroimaging data. Human fMRI work has identified the ventral striatum as a key region involved in reward processing (see [@bib0115]). However, an important limitation of the interpretation of the ventral striatum as coding reward is the problem of reverse inference (i.e., inferring cognitive states solely from the activation of a particular brain area; [@bib0370]). In the current manuscript, I will make several inferences regarding the ventral striatum and reward. While ventral striatum activation certainly is not synonymous with reward, this link is sometimes necessary to make in describing a cogent story. Nonetheless, it is important to note that other neural regions outside of the ventral striatum (e.g., VTA, vmPFC) and neurochemistry beyond dopamine (e.g., opioids) code for reward, and the ventral striatum is involved in a wide range of sensorimotor, cognitive and motivational functions. For instance, the striatum is involved in motor control (see [@bib0200]), learning including habit formation ([@bib0250]), skill learning ([@bib0365]), and reward-related learning ([@bib0320]), as well as sensitivity to aversion/punishment ([@bib0245]). The striatum, therefore, has been implicated in integrating information regarding cognition, motor control, and motivation (see [@bib0115]).

6. Evidence that dopaminergic sensitivity can promote adolescent health {#sec0030}
=======================================================================

6.1. Ventral striatum sensitivity to prosocial decisions predicts declines in risk-taking behavior {#sec0085}
--------------------------------------------------------------------------------------------------

Engagement in prosocial behaviors activates high intensity, rewarding feelings that engage the dopaminergic reward system. For instance, in adults, providing financial support to charities engages the ventral striatum ([@bib0305], [@bib0220]). This is thought to indicate a "warm glow" effect, suggesting that it feels good to be prosocial ([@bib0305]). Indeed, we have shown that adolescents who report feeling happier on days when they support their family show greater ventral striatum activation when providing monetary support to their family during an fMRI scan ([@bib0500], [@bib0515]), supporting the notion that the ventral striatum codes for feelings of happiness linked to being prosocial. Ventral striatum activation to prosocial rewards may therefore represent an adaptive signal that may facilitate well-being. To test this, we followed adolescents over a one-year period to examine how ventral striatum activation during a positive, prosocial context predicted changes in health-risk behaviors. Adolescents completed a task during which they could make costly monetary donations to their family. We found that adolescents who showed heightened activation in the ventral striatum when making prosocial decisions (i.e., costly donations to their family) showed longitudinal declines in risk taking behaviors (e.g., stealing, drinking alcohol, using drugs, and skipping school) over the course of a year ([@bib0510]). Moreover, adolescents who showed greater ventral striatum activation during prosocial family decisions showed *less* ventral striatum activation during a risk-taking task ([@bib0495]), suggesting that prosocial rewards may offset the rewarding nature of engaging in risky behavior. These findings highlight how ventral striatum sensitivity can be an asset for youth depending upon the context in which that activation occurs. The ventral striatum, which has been identified as a risk factor for adolescent risk taking, is also protective against this same behavior when that activation occurs within a meaningful, prosocial context.

6.2. Ventral striatum sensitivity to different types of rewards predicts both increases and decreases in depression over time {#sec0090}
-----------------------------------------------------------------------------------------------------------------------------

While optimal well-being may be achieved through meaningful and positive behaviors, adolescents often tend to orient toward more negative, hedonic activities (e.g., risk taking), potentially placing them at risk for ill-being ([@bib0090], [@bib0470]). We examined whether ventral striatum activation to eudaimonic rewards (e.g., prosocial decisions to the family) and hedonic rewards (e.g., risky decisions) differentially predict longitudinal changes in depressive symptoms. Adolescents completed a prosocial task in which they could choose to donate earnings to their family or keep monetary rewards for themselves ([@bib0500], [@bib0515]). They also completed a risk taking task (the BART; [@bib0275]), during which they could inflate a virtual balloon that gave them increasing monetary rewards with each pump but could explode at any point resulting in a loss of all earnings attained for that balloon. Results demonstrated that adolescents who showed heightened ventral striatum activation during prosocial decisions to their family experienced longitudinal declines in depressive symptoms over the course of the following year. In contrast, adolescents who showed heightened ventral striatum activation when keeping earnings for themselves on the prosocial task (i.e., selfish decisions) or who showed heightened ventral striatum activation during the risk taking task experienced longitudinal increases in depressive symptoms ([@bib0505]). Thus, heightened striatal activation to prosocial behavior is an adaptive neural response, potentially serving as a neurobiological signal that codes for an orientation toward positive rewards (e.g., feeling a sense of meaning and purpose; feeling socially connected) and leading to declines in depressive symptomology. Heightened striatal response during selfish decisions (i.e., keeping money for oneself) or when being risky is a maladaptive neural response, potentially serving as a neurobiological signal that codes for an orientation toward more negative rewards (e.g., the thrill of being risky; heightened social threat) and resulting in increases in depressive symptomology. These findings highlight the importance of considering the context in which ventral striatum activation occurs.

6.3. Maternal presence redirects adolescent ventral striatum sensitivity away from risky behavior {#sec0035}
-------------------------------------------------------------------------------------------------

Parents play an important scaffolding role, helping their children to make adaptive decisions and avoid risks. While parents may decrease adolescent risk-taking merely by serving as gatekeepers and limiting adolescents' opportunities to make poor decisions, we tested whether maternal presence changes the ways in which adolescents process risks. During an fMRI scan, adolescents completed a simulated driving task during which they could choose to make risky or safe decisions. They played the task alone and in the presence of their mother. We found that adolescents made significantly more risky decisions when alone (55% of decisions) than when their mother was present (45% of decisions). At the neural level, the ventral striatum was significantly less activated during risky decisions and more active during safe decisions when adolescents' mothers were present ([@bib0525]). Importantly, we found that when adolescents made safe decisions, they showed significant functional coupling (i.e., cross-talk between neural regions) between the ventral striatum and the ventrolateral prefrontal cortex (VLPFC) when their mothers were present but did not when they were alone. In other words, making safe decisions in the presence of their mother may elicit a neural response that codes for reward value (i.e., safe decisions engaged the ventral striatum), and this reward response promotes activation of the prefrontal cortex, a key brain region involved in cognitive control, the braking of motor responses ([@bib0195], [@bib0570]), as well as rule representation and response selection ([@bib0450], [@bib0440]). Therefore striatal responses may facilitate cognitive control and deliberation about response selections, ultimately resulting in safe choices. Theories of adolescent risk-taking propose that heightened ventral striatum sensitivity largely underlies risk-taking during adolescence, and prior work has focused on the contexts in which striatal sensitivity leads to maladaptive, risky behavior. Importantly, the ventral striatum, which has been linked to greater risk-taking, for example when peers are present (Chein et al., 2011), can be redirected away from risky decisions (i.e., less activation during risk taking) and toward more deliberative and safe decisions when mothers are present.

6.4. Extrinsic and intrinsic rewards can promote improved cognitive persistence via heightened ventral striatum activation {#sec0040}
--------------------------------------------------------------------------------------------------------------------------

Although adolescents tend to show detriments in cognitive performance, particularly in highly arousing or emotional states (e.g., [@bib0225], [@bib0445]), adolescents actually show improved performance (i.e., inhibit prepotent responses) when they are rewarded for doing so ([@bib0180], [@bib0185], [@bib0190], [@bib0330]). In a series of clever experiments, Geier and colleagues had participants complete a simple cognitive task (antisaccade task), and, on some trials, good inhibitory control yielded a monetary reward. Adolescents made fewer errors on rewarded versus neutral trials compared to adults ([@bib0330]), suggesting that adolescents are particularly sensitive to rewards, and that extrinsic motivation (i.e., getting money) may improve their cognitive control. Importantly, at the neural level, adolescents exhibited increased activation compared to children and adults in the ventral striatum on the rewarded trials ([@bib0330]), suggesting that extrinsic rewards and ventral striatum activation may act to improve behavioral regulation in adolescents.

In addition to examining extrinsic motivation (i.e., receiving money), researchers have sought to examine how intrinsic motivation may be associated with striatal activation and enhanced behavioral regulation. [@bib0420] examined how the ventral striatum was activated during a working memory task with different levels of difficulty among participants ranging in age from 8 to 22 years. The authors defined intrinsic motivation as a heightened ventral striatal response when correctly completing the task. [@bib0420] found robust ventral striatum activation that scaled with task difficulty. That is, when participants made correct versus incorrect responses, they showed heightened ventral striatum activation, striatum activation that was higher for more difficult trials. This striatal activation correlated with task performance, suggesting that ventral striatum activation during challenging tasks promotes more effective working memory. In addition, adolescence showed the highest ventral striatum activation to these intrinsic rewards. Importantly, these striatal responses were present despite the lack of explicit feedback or rewards, suggesting that ventral striatal responses in this context may reflect intrinsic reinforcement signals. These are among the first results to demonstrate adolescent peaks in intrinsic rather than explicit reinforcement responses.

Following on the work of [@bib0420], we sought to examine whether there may be cultural differences in the neural correlates of intrinsic motivation. To this end, we recruited two samples of late adolescents who traditionally vary in terms of their self-reported intrinsic school motivation. East Asian adolescents tend to be more motivated in academics than their American counterparts ([@bib0375]) and score significantly higher on cognitive control, executive functioning, and behavioral inhibition compared to their American counterparts ([@bib0415], [@bib0270]). To test whether ventral striatum activation may support East Asian students' motivation, we scanned American and Chinese students as they engaged in a basic cognitive control task (Go--Nogo task) that required persistence over time. Our findings again point toward the adaptive role of the ventral striatum. We found significant differences in behavioral performance across the cognitive control task, such that Chinese and American students did not differ in performance at the beginning of the task, suggesting similar levels of cognitive control. However, across time, Chinese students showed significant improvement in performance whereas American students showed significant declines in performance ([@bib0530]). At the neural level, Chinese participants demonstrated increasing ventral striatum activation over the course of the task, whereas American participants' ventral striatum activation remained low over the task. In addition, Chinese students showed increasing functional connectivity between the ventral striatum and the prefrontal cortex across time, connectivity that was not present in the American students. Importantly, this functional connectivity was associated with behavioral performance on the task, showing that greater VS-PFC connectivity facilitated improvements in cognitive engagement. Thus, the ventral striatum may represent intrinsic reinforcement signals that elicit the PFC to engage in more effective cognitive control. That the ventral striatum was functionally coupled with the PFC suggests that improvements in cognitive engagement among Chinese students may occur via a reinforcement response that boosts their cognitive control system, similar to our findings above on adolescent risk taking in the presence of mothers. Thus, striatal reactivity may be a neurobiological signal representing intrinsic motivation that serves an adaptive function, increasing Chinese students' motivation to engage in cognitive control. Together with the work of [@bib0420], these findings suggest that academic achievement may be improved when individuals find their work more rewarding.

6.5. Increased striatal reactivity during cognitive control predicts positive peer influence effects {#sec0045}
----------------------------------------------------------------------------------------------------

In a clever manipulation, Falk and colleagues ([@bib0070]) implemented a brain-as-predictor framework to examine how neural processes predict later behaviors in adolescents. During an fMRI scan, adolescents completed a basic cognitive control task (Go-Nogo task). One week following the scan, adolescents returned to the lab to undergo a simulated driving session during which they could make decisions to engage in safe and risky behavior. Adolescents completed the simulation in the presence of either a high- or low-risk peer. Behaviorally, adolescents made significantly fewer risky choices (i.e., drove through intersections with red lights) in the presence of low-risk peers compared to high-risk peers. At the neural level, adolescents who displayed relatively greater activation in the ventral striatum when engaging in cognitive control were more influenced by their cautious peers, such that greater ventral striatum activation was associated with engaging in fewer risks in the presence of cautious peers. Ventral striatum activation was not associated with being influenced by risky peers or to driving behavior when alone. These findings suggest that individual differences in adolescents' recruitment of the ventral striatum during cognitive control are associated with buffering the effects of risk-taking in the presence of cautious peers. Importantly, heightened ventral striatum activation was associated with *less* risk taking behavior in the presence of prosocial but not risky peers, providing further evidence of the adaptive role of striatal reactivity. These effects are consistent with our findings above which found heightened ventral striatum activation during cognitive control among Chinese students ([@bib0530]). In our study, ventral striatum activation during cognitive control served to increase cognitive performance, and [@bib0070] found heightened VS responses served to increase the positive influence of peers. While it is not clear whether the ventral striatum here is serving a reward response, the effects nonetheless indicate an adaptive role of the ventral striatum. Together, these findings suggest that individuals who recruit the ventral striatum more when engaging in cognitive control also engage in more adaptive behaviors in their everyday lives, resulting in more effective cognitive control and less risk taking behavior. Such findings further emphasize understanding the situational context in which ventral striatum activation occurs.

6.6. Increased striatal reactivity can serve a regulatory role {#sec0050}
--------------------------------------------------------------

Other work has shown that the ventral striatum may also be involved in emotion regulation. In a longitudinal study, [@bib0355] examined youth during the transition from childhood to adolescence. Participants were scanned twice to examine how neural response to emotional facial expressions changed over time. Longitudinal increases in ventral striatum reactivity were associated with longitudinal decreases in risky behavior as well as declines in susceptibility to peer influence. [@bib0355] also found that the ventral striatum was negatively functionally coupled with the amygdala when processing emotional faces, suggesting that the ventral striatum may serve to regulate and dampen heightened amygdala response to emotionally arousing stimuli. Others have also reported ventral striatum activation during cognitive reappraisal of negative emotions in adolescent samples ([@bib0295]), further highlighting a role of the striatum in emotion regulation. In corroboration of the regulatory role of the ventral striatum, [@bib0285] found that heightened ventral striatum activation during social exclusion was associated with dampened self-reported emotional distress and less activation in brain regions involved in "social pain" processing, suggesting that the ventral striatum may be crucial for regulating negative affect during adolescence. Given its role in reward processing, the ventral striatum may serve to aid in the reappraisal of negative experiences into positive interpretations ([@bib0285], [@bib0555]). Again, contrary to common interpretations that increased striatal reactivity during adolescence represents a risk factor, these findings highlight an adaptive role of the striatum and specifically implicate it in emotion regulation.

6.7. Summary {#sec0055}
------------

Together, these studies suggest that heightened ventral striatum activation can be adaptive by increasing cognitive persistence and emotion regulation, and decreasing risk taking behavior and depression. While reward sensitivity can be a marker of negative outcomes as current conceptualizations emphasize, the reviewed research here shows that ventral striatum activation can also serve a positive, adaptive role for teenagers. Although the majority of studies have reported deficits related to heightened striatal activation in adolescence (e.g., drug and alcohol use, depression and anxiety, and conduct and rule-breaking behaviors; [@bib0240], [@bib0505], [@bib0435], [@bib0170], [@bib0025], [@bib0210], [@bib0390]), a burgeoning body of literature reviewed here suggests a more complex role of the ventral striatum. Across several different contexts, the ventral striatum is associated with positive behavioral outcomes. In particular, ventral striatum activation may serve an adaptive role in contexts that promote prosocial decision making ([@bib0510], [@bib0505]), cognitive control ([@bib0530], [@bib0070], [@bib0330]), working memory ([@bib0420]), emotion regulation ([@bib0355], [@bib0285]), or which include positive instead of negative social influences ([@bib0530], [@bib0070]). Based on the specific measurements in the reviewed studies, it is not evident per se whether the ventral striatal activations reported are representing a reward response or another psychological process. Because, the striatum may be involved in behaviors beyond reward processing, such as learning, some of the individual differences in striatal responses to prosocial versus risky contexts may represent individual differences in learning and adaptation. Indeed, an important aspect of adolescence is that it is a time when many new behaviors and contexts are experienced and new behavior patterns are acquired ([@bib0110]). Thus, future research should disentangle the psychological significance of the ventral striatum across these diverse contexts.

7. Can we take advantage of adolescent ventral striatum sensitivity in ways that promote adaptive decision making? {#sec0060}
==================================================================================================================

Ventral striatal reactivity in adolescence appears to be universal, as seen across species, contexts, and cultures. Such peaks in dopaminergic activation in adolescence can be channeled into a range of behaviors. On the one hand, if directed toward problematic activities, such as drug experimentation, risky sexual behavior, and engagement with deviant peers, this heightened ventral striatum reactivity is indeed a vulnerability. On the other hand, if directed toward meaningful activities, such as prosocial behaviors or hobbies, positive social relationships, or motivated engagement in school, this heightened ventral striatum reactivity may be a source of protection and reduce susceptibility to compromised health. Therefore, the ways in which adolescents approach and respond to rewards may have significant implications for their well being. Importantly, each of studies reviewed here examined individual differences. That is, not all adolescents showed heightened striatal activation, and not all striatal activation in these contexts was adaptive. Adolescents who showed the greatest ventral striatum activation when being prosocial showed the greatest declines in risk taking and depression ([@bib0510], [@bib0505]); adolescents who showed the greatest ventral striatum activation during cognitive control showed the greatest improvements in cognitive persistence ([@bib0530]) and were the most influenced by their prosocial peers to engage in less risk taking ([@bib0070]); adolescents who demonstrated the greatest ventral striatum activation during a difficult working memory task had the highest performance ([@bib0420]); and adolescents who showed the greatest increases in ventral striatum activation when processing emotions showed the greatest declines in risk taking ([@bib0355]). These individual differences highlight the need to identify characteristics of adolescents who show these more adaptive ventral striatum responses. Pushing adolescents to engage in prosocial behavior will not be effective unless adolescents value engaging in this behavior. Therefore identifying the particular behaviors and passions that adolescents most value and helping to direct them to those activities may have the most beneficial and lasting outcomes.

This view of ventral striatum sensitivity as being adaptive and directing adolescents away from health-compromising behaviors has significant implications for the development of effective treatment and intervention efforts to prevent upward trajectories of depression, risk-taking behavior, and subsequent morbidity and mortality rates among adolescent populations. Although adolescents may tend to orient toward more maladaptive behaviors ([@bib0471]), identifying ways to take advantage of adolescents' heightened ventral striatum sensitivity in ways that promote their health should be a key aim of ongoing research efforts. Teachers, parents, and clinicians should see it as a central goal to try to tip the balance in teens favor -- that is, to direct their heightened ventral striatum sensitivity away from risk and toward opportunity. If we can find more ways to direct adolescents toward the positive aspects of their heightened ventral striatum reactivity, strengthening the pathways by which this system serves as an opportunity, and decreasing the availability or desire for the negative aspects of heightened ventral striatum reactivity, we may reduce mortality and morbidity rates in adolescence.

8. The complexity of ventral striatum reactivity in adolescence {#sec0065}
===============================================================

8.1. Functional heterogeneity supporting different psychological processing {#sec0095}
---------------------------------------------------------------------------

While the prevailing view suggests that peaks in reward seeking behaviors largely serve as a vulnerability, orienting adolescence toward negative behaviors, the psychological significance of ventral striatum activation varies across contexts. Thus, a more nuanced understanding of the ventral striatum is necessary. While in some contexts, ventral striatum reactivity may be signaling maladaptive reward seeking, in other contexts the striatum may be a neurobiological signal for approach-related behaviors that are highly adaptive and not related to risk taking, such as an orientation toward motivationally positive behaviors (e.g., striving for academic success, working toward a goal). Therefore, the meaning and psychological significance of ventral striatum activation depends on the context and situation in which it occurs and likely varies across individuals.

In addition, ventral striatum activation may have different psychological significance depending on which regions it is coupled with. That is, during different psychological experiences, the ventral striatum may be co-active with different regions. Thus, perhaps which brain regions the VS talks to can disentangle the psychological process occurring. While most prior research focuses on whether the ventral striatum is active or not, or whether the ventral striatum correlates with individual differences in behaviors, it is essential to unpack whether the ventral striatum is differentially coupled with brain regions as a function of context. Indeed, distinct behaviors occur through integration of the ventral striatum with the prefrontal cortex (PFC) via overlapping, but functionally segregated pathways ([@bib0010], [@bib0120], [@bib0385]). For instance, intricate patterns of overlap and segregation exist between afferents from different cortical and subcortical sources. The ventral striatum receives afferents from neural regions traditionally implicated in affective processes, including orbitofrontal cortex (OFC), dorsal anterior cingulate cortex, ventromedial PFC, amygdala, and hippocampus (e.g., [@bib0215], [@bib0340]; see [@bib0115]). Therefore, understanding how the ventral striatum communicates with other neural regions may inform our understanding of how the ventral striatum can serve both as a liability but also as an opportunity. Some findings reported in the current review support this idea. For instance, when making risky choices alone ([@bib0525]) or in the presence of peers ([@bib0095]), the ventral striatum is significantly active. However, when making safe choices in the presence of mother, the ventral striatum appears to function via communication with the VLPFC, connectivity that is not present when making safe choices alone ([@bib0525]). Therefore, examining the regions that come online with the ventral striatum across different contexts can help us to understand the function and specificity of ventral striatum activation. Perhaps ventral striatum reactivity is adaptive when it occurs in tandem with VLPFC activation but may be maladaptive when it occurs in tandem with limbic activation such as the amygdala. Future research should focus on examining functional connectivity.

8.2. Structural heterogeneity supporting different psychological processing {#sec0100}
---------------------------------------------------------------------------

The heterogeneity of cell types within a given reward structure is another likely explanation for the different effects observed in the ventral striatum. Indeed, the ventral striatum may be divided into subregions which each engage in different psychological processes (structural heterogeneity). Based on anatomical, physiological, immunohistochemical and pharmacological studies with rats, primates, and humans (e.g., [@bib0060], [@bib0260], [@bib0345], [@bib0550]), the VS does not behave as a monolithic structure and may therefore consist of spatially distinct ensembles of neurons with specific functional roles ([@bib0255]). Indeed, the striatum encompasses subregions of tissue that have distinct chemical compositions and connections, and the ventral striatum in particular has more differentiation and complexity of neurochemical systems than other regions such as the dorsal striatum ([@bib0235]). Within the ventral striatum, the nucleus accumbens has been divided into three subregions including the shell, core, and rostral pole territories ([@bib0585], [@bib0300]). Additional differences within these three subregions exist, including the densities of chemical markers and the distribution of connections ([@bib0235]). Moreover, the subregion of the striatum closely related to the limbic system occupies a region that extends beyond the boundaries of what is traditionally considered the nucleus accumbens ([@bib0135]).

Because the ventral striatum is involved in diverse psychological, cognitive, and motor processes, researchers have proposed that the ventral striatum is composed of functionally distinct ensembles of neurons ([@bib0345]). An ensemble is defined as a group of neurons characterized by similar afferent/efferent relationships as well as closely related functions in overt behavior, neuroendocrine regulation, and sensorimotor fating ([@bib0345]). Pennartz and colleagues propose that "the nucleus accumbens, in its entirety, does not send a monolithic output to its target structures, which would then effectuate a unidirectional change in some behavioral parameter." Instead "each distinct ensemble is capable of generating output which is then transferred to a specific set of target structures characteristic for this ensemble, and hence may induce behavioral effects that are specifically linked to this ensample" ([@bib0345], pp. 726).

Evidence of structural differentiation of the ventral striatum comes from psychopharmacological research. For example, microinjection of the GABA~A~ agonist muscimol in the rostral medial accumbens shell in rats elicits appetitive behavior, whereas microinjection in the caudal shell instead elicits fearful behavior. Intermediate shell GABAergic activation produces combined positive and negative motivational effects ([@bib0395]). These results indicate that GABAergic neurotransmission in local microcircuits of the nucleus accumbens mediates motivated and affective behavior that is bivalently organized along rostrocaudal gradients. This bivalent division helps to elucidate how the ventral striatum can participate in both appetitive and aversive motivational functions. In addition, TRKB, a tyrosine kinase receptor, has been found to differentially effect reward-related behaviors. For example, optogenetic stimulation of D1-type medium spiny neurons in rodents enhances reward driven behaviors, whereas stimulations of D2-type medium spiny neurons results in freezing behavior ([@bib0280]).

However, a difference in cell types is not the only explanation for the heterogeneity seen in behavioral outputs. Molecular changes within specific cell types of the brain\'s reward regions shape the ways in which adolescents respond to changes in the environment, determining either resilience or susceptibility ([@bib0410]). Thus, stressors in ones environment shape molecular mechanisms in the VTA-nucleus accumbens circuit, and can impact whether stimuli are experienced adaptively or maladaptively. Vulnerability for depression, risk taking, or other psychopathologies may be determined by molecular changes in cells that occur following stressors (see [@bib0410]). It will therefore be necessary for researchers to utilize genome-wide assays to map the genetic loci in the NAc that are influenced by stressors.

Although significant research in animal models highlights the structural heterogeneity of the nucleus accumbens, translating these models to human research will be more challenging. Unfortunately, fMRI techniques, the most widely used method for examining adolescent brain function and related psychological behaviors, do not allow for the specific differentiation of precise boundaries and heterogeneities in the human striatum. Moreover, the BOLD signal does not provide direct information about neurochemistry, and it remains unclear how BOLD activation relates to striatal dopamine release ([@bib0430]). Some researchers have combined fMRI with PET, which allows for the direct measure of dopamine release. Importantly, high reward-related dopamine release is correlated with increased activation in the ventral striatum, providing evidence that dopaminergic neurotransmission plays a key role in ventral striatum activation measured with fMRI ([@bib0430]). Finally, most neuroimaging research uses large smoothing kernels that make it nearly impossible to subdivide the ventral striatum into its subparts. Thus it is often unclear if the activation is centralized in the nucleus accumbens or ventral head of the caudate nucleus ([@bib0115]), or even further subdivisions of the striatum. Despite attempts to improve the spatial resolution of the BOLD signal, particularly in regions like the ventral striatum and VTA ([@bib0105]), we need more direct measures of activity dependent-dopamine release ([@bib0430]). Future research and more advanced scientific methods are needed that may reveal more fine-grained subdivisions corresponding to functionally distinct areas of the ventral striatum.

9. Future directions {#sec0070}
====================

While research has begun to disentangle the complex role of rewards in adolescents' lives, several contributions are essential to significantly move the field forward and lay the foundation for developing testable hypotheses about the psychological mechanisms that will produce the greatest health impact. Future research should therefore investigate how differing social and motivational contexts influence the neurobiology of adolescent reward sensitivity and subsequent health outcomes. The time is ripe to address these goals in light of evidence indicating rapid brain growth and heightened susceptibility to environmental input during adolescence, coupled with dramatic changes in social behavior that underlie an increased orientation toward rewards as well as steep increases in psychopathology. Thus, future research is needed that continues to disentangle the contexts in which ventral striatum sensitivity is adaptive versus maladaptive. Moreover, given that the body of work highlighting potential adaptive functions of ventral striatum reactivity in adolescence is nascent, research that replicates findings in the studies reviewed here is necessary. Below I outline several other areas of inquiry for future research.

9.1. Develop novel and innovative tasks that tap diverse contexts and allows comparison of reward sensitivity across situations {#sec0105}
-------------------------------------------------------------------------------------------------------------------------------

Prior research has largely examined adolescent decision making and reward sensitivity within a social vacuum, although studies are emerging that examine adolescent decision making in a social context (e.g., [@bib0335], [@bib0035], [@bib0095]). Given that adolescence is a period marked by increasingly complex social development, and adolescent decision making most often occurs during socioemotional arousal ([@bib0110], [@bib0175]), research needs to incorporate the social and motivational context into experimental tasks in order to tap the complexity of adolescent behavior. If researchers continue to rely on tasks that tap largely negative behaviors (e.g., risk taking) or reward sensitivity in the absence of social processes, ventral striatum sensitivity will appear to be ubiquitously negative. However, if experimental tasks incorporate more complex social processes (e.g., presence of others, prosocial versus antisocial decisions), ventral striatum sensitivity is likely to show unique patterns, sometimes representing a liability but at other times being adaptive. It is essential that this complexity be incorporated into our understanding of adolescent brain development and behavior in order to fully understand the role of ventral striatum reactivity in adolescent decision making and health behaviors.

9.2. Focus on individual and cultural differences to identify youth most at risk {#sec0110}
--------------------------------------------------------------------------------

Not all striatal activation is good or bad, and it depends on the context and the individual. By identifying individual and cultural group differences in youth for whom rewards serve different functions, we can better tailor programs to direct adolescents toward the behaviors that are most meaningful within appropriate sociocultural contexts. Rewards will take on different meanings for groups who value certain behaviors. For example, we recently examined activation in the mesolimbic reward system among White and Latino youth as they engaged in a task involving personal sacrifices for their family ([@bib0500]). Whereas Latino participants showed more ventral striatum activation when contributing to their family, White participants showed more ventral striatum activation when gaining personal rewards for themselves. These results suggest that decisions to help one\'s family may be guided, in part, by the personal rewards one attains from that assistance, and this sense of reward may be modulated by cultural influences. Thus, if intervention efforts rely on findings from a specific cultural group, interventions may not be successful with a different group and may actually have iatrogenic effects. That is, interventions that focus on increasing the participation of behaviors that are valued only by certain adolescents may have negative implications for adolescent health. Future research therefore should carefully unpack how the dopamine reward system functions across diverse groups of adolescents.

9.3. Use neural sensitivity to predict changes in real-life health outcomes and behaviors {#sec0115}
-----------------------------------------------------------------------------------------

Research has begun to treat the brain as a predictor variable of future health behaviors. This approach offers unprecedented opportunity to examine how adolescents' neural sensitivity predicts engagement in real-life health behaviors. Although self-reported intentions predict some variability in future health behavior, evidence suggests that self-reports are not sufficient to capture the multidimensional nature of risk taking ([@bib0005]). Perhaps this is because individuals lack the insight or cognitive ability to provide an accurate report of their own intentions or because they may be untruthful in their self-reports ([@bib0005]). Thus, implicit processes may explain variability in behavior change that is not explained by self-reported measures such as attitudes and intentions. Recent advances in neuroimaging have begun to use neural activation to predict behavior either concurrently or in the future. Importantly, this work has found that neural activation can predict what kind of changes (increases or decreases) in risk taking behaviors and depressive symptoms will be observed one month to over one year later (e.g., [@bib0070], [@bib0510], [@bib0505]). The ability to prospectively predict future engagement in health behaviors based on adolescents' neural sensitivity can have profound effects on our ability to develop individualized prevention programs. Thus, a key goal of future research should be to examine how ventral striatum reactivity across different contexts (i.e., reward sensitivity in positive and maladaptive contexts) predicts health-related behavioral changes.

10. Conclusions {#sec0075}
===============

In this review, I have shown that peaks in ventral striatum sensitivity can be adaptive for adolescent functioning and can facilitate improved well-being and health-promoting behaviors. This mechanism of reward sensitivity in adolescence challenges the traditional view that dopaminergic reward sensitivity largely leads to health-compromising behaviors during adolescence. Thus, I have identified a potential neurobiological mechanism by which to decrease the upward trajectories of both depression and risk taking behaviors during a developmental time when these symptoms are usually rising. Modifiable health behaviors are the leading cause of morbidity and mortality among adolescents. Understanding the factors that direct adolescents' heightened ventral striatal sensitivity away from problematic behaviors and toward more positive, prosocial behaviors will have immense impact across a range of health behaviors and health outcomes.
